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Recent evidence now points to a role of glutamate transmission within the nucleus accumbens (Nacc) in spatial
learning and memory. Unfortunately, the role of the distinct classes of glutamate receptors within this structure in
mediating the different steps of the memorization process is not clear. The aim of this study therefore was to further
investigate this issue, trying to assess the involvement of the two classes of glutamate receptors within the Nacc in
consolidation of spatial information using an associative spatial task, the water maze. For this purpose, focal
injections of the NMDA antagonist, AP-5, and of the AMPA antagonist, DNQX, have been performed immediately
after the training phase, and mice have been tested for retention 24 h later. Two different versions of the
water-maze task have been used: In the place version, animals could learn the position of the platform using visual
distal cues, and in the cue version, the location of the platform was indicated by a single proximal cue. The results
demonstrated that posttraining NMDA receptor blockade affects mice response in the place but not in the cue
water-maze task. On the contrary, AMPA receptor blockade induced no effect in either version of the task. These
data confirm a functional dissociation between glutamate receptors located in the Nacc in modulating spatial
memory consolidation and indicate that they are specifically involved in consolidation of information necessary to
acquire a place but not to a guidance strategy.

The investigation of the neuroanatomical bases of spatial cogni-
tion in mice has received growing attention over the last 10 yr.
Although the hippocampus is generally considered to play a cen-
tral role in the processing of space, evidence has accumulated
that several other nervous structures participate in such pro-
cesses. In particular, the nucleus accumbens (Nacc) is strongly
connected to brain regions, such as the hippocampus or the pre-
frontal cortex (Kelley and Domesick 1982; Groenewegen et al.
1987), involved in spatial information processing (Schacter et al.
1989; Sargolini et al. 1999). The possible role of this structure in
spatial learning has been sustained by behavioral studies show-
ing that temporary or permanent inactivation of Nacc impairs
performance in spatial learning tasks (Annett et al. 1989; Ploeger
et al. 1994; Seamans and Phillips 1994).

Nacc inputs are mainly glutamatergic, and a high density of
NMDA and AMPA receptors has been reported within this struc-
ture (Albin et al. 1991). Thus, intact transmission from cortical
and allocortical brain areas seems to be essential for correct pro-
cessing of spatial information (Floresco et al. 1997; Sargolini et al.
1999). Along this line, it has been demonstrated that blockade of
both classes of glutamate receptors within the Nacc impaired
performance in different spatial learning tasks (Maldonado-
Irizarry and Kelley 1995; Usiello et al. 1998). However, in these
studies pretraining pharmacological manipulations have been
used; therefore, it is difficult to dissociate the effects on the dif-

ferent phases of information processing. Posttraining adminis-
trations, on the contrary, are thought to act on memory consoli-
dation, while sparing acquisition and recall processes (McGaugh
1966; Gold and McGaugh 1975). In a recent study, we have
shown that NMDA receptor blockade immediately after the train-
ing phase affected mice response 24 h later in a nonassociative
spatial task, in which mice are required to discriminate a spatial
rearrangement of the configuration of a set of five objects (Roul-
let et al. 2001). On the contrary, AMPA receptor blockade had no
effects (Roullet et al. 2001). These results demonstrate that the
Nacc is involved in the consolidation of spatial information and
point to a functional dissociation between NMDA and AMPA
receptors located in this structure in mediating spatial memory
consolidation.

The aim of this study was to investigate the involvement of
Nacc, and more specifically of the different glutamate receptors
within this structure, in the consolidation of spatial information
in an associative spatial task, designed to estimate the ability of
mice to locate a submerged platform in a pool using visual cues.
For that purpose, we used a modified version of the Morris water-
maze task, composed of a massed training of four consecutive
sessions and a probe test 24 h later, during which the platform
was removed. The effects of posttraining focal administrations of
AMPA and NMDA receptor antagonists into the Nacc have been
compared in two different versions of the water-maze task. In the
spatial version, a submerged platform remained in a fixed posi-
tion across trials, and several distal cues were attached to the
walls surrounding the pool. In the cue version, a unique salient
cue was suspended above the submerged platform, and the plat-
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form as well as the cue changed position across the four training
sessions; during the probe test trial, the platform was removed
and the salient cue was positioned in a new quadrant. In both
versions, the platform is invisible during learning sessions, thus
involving a similar motivational state. The only difference be-
tween the two tasks is based on the cues that animals could use
to find the platform. In one case (place version), mice have to
perform a place response, which is guided by a spatial represen-
tation of the environment. In the other case (cue version), mice
are required to approach the platform by associating it with the
unique visual cue. These experiments allow us to compare the
possible involvement of glutamate receptors within the Nacc in
consolidating information necessary for place and guidance
strategy.

RESULTS

Cannula Placements Verification
Figure 1 shows a schematic representation of cannula placements
for all the experiments. The injection sites were located in the
Nacc core for the majority of mice. Only animals showing a cor-
rect cannula placement were included in the statistical analysis.
A total of 35 animals (Experiment 1: 10 mice; Experiment 2: 16
mice; Experiment 3: 9 mice) were excluded because of incorrect
Nacc placements.

Training Phase
Table 1 shows the absolute values for session latencies to escape
onto the platform during training phase on day 1, in all three

Table 1. Session Latencies (Seconds) to Escape Onto the Platform During Training Phase, and Swimming Speed (Centimeters/Second)
and Time Spent in the Periphery of the Pool (Seconds) During Probe Test, in the Three Experiments

Experiment Groups (N)

Training Probe test

S1 S2 S3 S4 Speed T periphery

1 Control (11) 97.82 � 13.06 56.27 � 7.30 50.73 � 13.80 39.82 � 5.12 22.44 � 0.47 16.45 � 2.36
AP-5 0.10 (8) 102.75 � 18.62 67.00 � 8.70 52.00 � 10.70 39.50 � 13.19 21.88 � 1.60 16.60 � 1.71
AP-5 0.15 (8) 98.75 � 13.21 74.37 � 17.96 38.87 � 6.78 53.75 � 15.38 23.34 � 1.43 16.35 � 2.05

2 Control (11) 93.82 � 10.00 64.91 � 13.21 50.00 � 6.82 44.36 � 7.63 23.76 � 1.43 19.51 � 1.78
DNQX 0.001 (10) 80.60 � 9.80 64.50 � 6.94 48.00 � 5.57 42.60 � 8.77 21.08 � 1.79 19.00 � 2.03
DNQX 0.005 (11) 88.90 � 11.11 72.90 � 14.89 37.60 � 5.70 46.60 � 6.62 22.30 � 2.10 18.10 � 2.24
DNQX 0.010 (10) 84.50 � 9.49 55.60 � 7.12 36.40 � 5.31 35.40 � 6.17 22.70 � 1.00 18.20 � 2.21

3 Control (14) 68.79 � 9.37 46.07 � 3.96 38.50 � 4.89 40.86 � 6.53 23.29 � 0.83 11.15 � 1.36
AP-5 0.15 (9) 71.22 � 8.51 45.67 � 7.40 37.33 � 8.62 32.55 � 6.65 23.89 � 1.42 13.31 � 1.96
DNQX 0.005 (10) 74.20 � 15.75 58.00 � 7.64 47.40 � 6.84 35.70 � 6.47 21.99 � 0.98 13.48 � 2.22

Data represent mean � SEM.

Figure 1 Schematic representation of cannula placements in all experiments. Each symbol represents the site of injection for one animal. (A)
Experiment 1, posttraining AP-5 injections in the place water-maze task. (�) Saline; (�) 0.10 µg/side AP-5; (�) 0.15 µg/side AP-5. (B) Experiment 2,
posttraining DNQX injections in the place water-maze task. (�) Vehicle; (�) 0.001 µg/side DNQX; (�) 0.005 µg/side DNQX; (�) 0.01 µg/side DNQX.
(C) Experiment 3, posttraining AP-5 and DNQX injections in the cue water-maze task. (�) Vehicle; (�) 0.15 µg/side AP-5; (�) 0.005 µg/side DNQX.
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experiments. All groups decreased latency
to find the platform across trial blocks. The
ANOVA analysis showed no treatment ef-
fect, a significant session effect, and no in-
teraction between the two factors, in all
three experiments.

Experiment 1: Effects of Posttraining
AP-5 Injections on Probe Test
24 h Later in the Place
Water-Maze Task
Table 1 shows the effects of immediately
posttraining AP-5 injections on swimming
speed and time spent in the periphery of
the pool (10 cm from the wall), during the
60-sec probe test trial, on day 2. No major
differences have been observed between sa-
line- and AP-5-injected mice in both param-
eters. The one factor ANOVA showed no
treatment effect (Speed: F2,24 = 0.374;
p = 0.692; T periphery: F2,24 = 1.861;
p = 0.177).

Figure 2 shows the effects of posttrain-
ing AP-5 injections on the index, calculated
on the basis of annulus crossings during the
probe test. The mean index of the control
group is 0.42, thus indicating that saline-
injected mice crossed the annulus in the
correct quadrant about four times more
than the remaining three annuli. Posttrain-
ing AP-5 injections significantly decreased
the number of annulus crossings in the cor-
rect quadrant. The one-factor analysis of
variance showed a mean treatment effect
(F2,24 = 9.203; p = 0.001).

Figure 3A shows the time spent in the
four quadrants during the probe test by sa-
line- and AP-5-injected mice. Control ani-
mals spent more time in the correct quad-
rant, compared with the remaining three
quadrants. Focal AP-5 injections immedi-
ately after the last training session de-
creased the time spent in the correct quad-
rant as well as the difference between time
spent in the correct quadrant and the re-
maining three quadrants. The two-factor
ANOVA showed no treatment effect
(F2,96 = 0.063; p = 0.939), a significant
quadrants effect (F3,96 = 25.898; p = 0.001),
and a significant interaction between the
two factors (F6,96 = 6.936; p = 0.001). Post
hoc comparison showed a significant differ-
ence between the correct quadrant and the
other three quadrants for control animals
but not for AP-5-treated mice. For the AP-5
0.1 group, a significant difference was ob-
served between the correct quadrant and
the opposite and left quadrants but not the
right quadrant. In the AP-5 0.15 group, post
hoc comparison showed no significant dif-
ference among all four quadrants.

Figure 2 Experiment 1, effect of posttraining saline and AP-5 administrations on the place water-
maze task. The histogram represents the index � SEM, calculated as difference between the
number of crossings of the annulus surrounding the expected position of the platform and the
mean number of crossings of the three remaining annuli, divided by the total number of annulus
crossings, during the probe test. (*) p < 0.05, saline versus AP-5 groups.

Figure 3 Experiment 1, effect of posttraining saline and AP-5 administrations on probe test
performance in the place water-maze task. (A) Time spent in the four quadrants by the mice
injected with saline, 0.10 µg/side AP-5, and 0.15 µg/side AP-5. (B) Representative paths taken by
animals treated with saline, 0.10 µg/side AP-5, and 0.15 µg/side AP-5. (*) p < 0.05, correct versus
opposite, right, left quadrants within groups; (†) p < 0.005, correct quadrant saline versus AP-5
groups.
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Experiment 2: Effects of Posttraining DNQX Injections
on Probe Test 24 h Later in the Place Water-Maze Task
Table 1 shows the effects of immediately posttraining DNQX
injections on swimming speed and time spent in the periphery of
the pool (10 cm from the wall), during the 60-sec probe test trial,
on day 2. No major differences were observed between vehicle-
and DNQX-injected mice in both parameters. The one-fac-
tor ANOVA showed no treatment effect (Speed: F3,38 = 0.441;
p = 0.725; T periphery: F3,38 = 0.107; p = 0.955).

Figure 4 shows the effects of posttraining DNQX injections
on the index, calculated on the basis of annulus crossings during
the probe test. Both control and DNQX-treated mice crossed the
annulus significantly more in the correct quadrant, compared
with the remaining three quadrants. No significant difference in
the spatial index among the four groups has been observed. The
one-factor ANOVA showed no treatment effect (F3,37 = 0.202;
p = 0.895).

Figure 5A shows the time spent in the four quadrants during
the probe test, by vehicle- and DNQX-injected mice. Con-
trol group as well as DNQX-treated mice spent more time in the
correct quadrant, compared with the remaining three quadrants.
No significant difference has been observed among the four
groups. The two-factor ANOVA showed no treatment effect
(F3,148 = 0.012; p = 0.998), a significant quadrants effect
(F3,148 = 78.98; p = 0.001), but no interaction between the two
factors (F3,148 = 0.928; p = 0.502).

Experiment 3: Effects of Posttraining AP-5 and DNQX
Injections on Probe Test 24 h Later in the Cue
Water-Maze Task
Table 1 shows the effects of immediately posttraining AP-5 and
DNQX injections on swimming speed and time spent in the pe-
riphery of the pool (10 cm from the wall), during the 60-sec
probe test trial, on day 2. No major differences have been ob-
served between vehicle- and AP-5- or DNQX-injected mice in
both parameters. The one-factor ANOVA showed no treatment
effect (Speed: F2,30 = 0.764; p = 0.475; T periphery: F2,30 = 0.578;
p = 0.567).

Figure 6 shows the effects of posttraining AP-5 and DNQX

injections on the index, calculated on the basis of annulus cross-
ings during the probe test. The mean index of the control group
is 0.34, thus indicating that saline-injected mice crossed the an-
nulus in the correct quadrant about three times more than the
remaining three annuli. Posttraining AP-5 and DNQX injections
did not alter this response. The one-factor analysis of variance
showed no treatment effect (F2,30 = 1.491; p = 0.241).

The time spent in the four quadrants during the probe test
by vehicle, AP-5, and DNQX groups is represented in Figure 7A.
Vehicle as well as AP-5- and DNQX-injected mice spent signifi-
cantly more time in the correct quadrant, compared with the
other three quadrants. The two-factor analysis of variance
showed no treatment effect (F2,120 = 0.002; p = 0.998), a signifi-
cant quadrant effect (F3,120 = 19.583; p = 0.001), but no treat-
ment � quadrant interaction (F6,120 = 0.472; p = 0.828).

DISCUSSION
The aim of this study was to investigate the role of Nacc in the
consolidation of spatial information, and to compare the effects
of temporary inactivation of glutamate transmission within this
structure in the place and the cue versions of the water-maze
task. In the place version used in the present study, mice can
learn the position of the platform, which is always located in the
same quadrant during training sessions, using visual distal cues.
The cue version of the water maze differs from the classical non-
spatial water-maze task, in which animals are required to swim to
a visible platform (Morris 1984). In the present cue version, the
platform is invisible during the training phase and a single proxi-
mal cue indicates its location. Changing the position of the plat-
form as well as that of the cue prevents the animals from using
spatial bias. Compared with the classical nonspatial water maze,
this procedure has more similarities with the place version, and
for that reason seems more suitable for a direct comparison be-
tween the two tasks. The first similarity is that the platform is
invisible during the training phase. Secondly, both procedures
allow the performance of a probe test, in which the platform is
removed and, in the cue water maze, the proximal cue is located
in the quadrant opposite to the one “reinforced” during the last
training session. The only difference between the two tasks is
based on cues that animals could use to locate the platform. In

one case (cue version), mice are required to
direct themselves toward a unique salient
cue, a visual beacon. In the other case
(place version), animals have to create a
central representation of external cues and
compute the exact location of the platform
using a spatial map of the environment
(O’Keefe and Nadel 1978).

In both procedures, there is a progres-
sive decrease of the latency to find the plat-
form from S1 to S4 in control animals, thus
indicating that learning has occurred. It has
been suggested that animals can use differ-
ent strategies to find the platform, for ex-
ample, they can improve escape latency by
increasing swimming speed or by learning
to swim at a certain distance from the wall
of the pool (Morris 1984; Lipp and Wolfer
1998; Lassalle et al. 2000). These procedural
components can be revealed by analyzing
probe test data. In our experiments during
the probe test, vehicle-injected mice tended
to swim in the quadrant where they were
expected to find the platform. This indi-
cates that mice were able to use distal cues

Figure 4 Experiment 2, effect of posttraining vehicle and DNQX administrations on the place
water-maze task. The histogram represents the index � SEM, calculated as the difference between
the number of crossings of the annulus surrounding the expected position of the platform and the
mean number of crossings of the three remaining annuli, divided by the total number of annulus
crossings, during the probe test.
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or a single proximal cue to approach the platform, and that the
information processed could be stored during a 24-h delay.

In this study, we investigated the role of Nacc in the con-
solidation of different types of information through the blockade
of NMDA and AMPA receptors within this structure immediately
after the training phase. Posttraining NMDA receptor blockade
dose-dependently reduced the time spent in the correct quadrant
as well as the index during the probe test in the place water maze
task 24 h later. These results demonstrate that NMDA receptors
within the Nacc are involved in the consolidation of spatial in-
formation. In view of the temporary effect of the treatment and
the long delay between training and test, it is unlikely that the
drug affected task performance during the probe test. Moreover,
in a recent experiment we have shown that immediate posttrain-
ing AP-5 injections into the Nacc impair performance on a spatial
learning task 24 h later, but focal administrations 120 min after
training have no effects (Roullet et al. 2001), thus excluding pos-
sible proactive drug effects 24 h after AP-5 administration. Fur-
thermore, no changes in swimming speed or differences in time
spent in the periphery of the pool were observed between groups
on the probe test day. This indicates that the deficits provoked by
AP-5 administrations on probe test performance are not attrib-
utable to a general motor impairment or a thigmotactic behavior.
The representative paths taken by animals treated with saline or
AP-5 (Fig. 3B) seem to confirm the hypothesis of a selective im-
pairment of spatial memory consolidation. Control animals ac-
tively searched the platform in the quadrant where it was located
during training phase. Animals injected with the lower dose of
AP-5 (0.10 µg/side) extended their research to the adjacent quad-

rant, and mice injected with the higher
dose tended to swim all over the pool. This
indicates that NMDA receptor blockade se-
lectively affected consolidation of spatial
information, which is necessary to locate
the exact position of the platform.

Posttraining injections of different
doses of AMPA antagonist, on the contrary,
induced no effect on the place version of
the water maze. Both vehicle- and DNQX-
injected mice spent significantly more time
in the correct quadrant during the probe
test and actively searched for the platform
where it had been previously located (Fig.
5B). This indicates that DNQX did not
affect consolidation of spatial informa-
tion. It has been previously demonstrated
that AMPA receptors are not involved in
memory consolidation (Liang et al. 1994;
Riedel et al. 1999; Roullet et al. 2001), al-
though an increased binding of AMPA re-
ceptors has been found in the hippocampus
3 h after spatial learning (Izquierdo and Me-
dina 1997). Moreover, a pretraining in-
crease of AMPA-mediated synaptic activity
induced an improvement of performance
24 h later in different learning tasks (Staubli
et al. 1994). It is therefore possible that
AMPA receptors could modulate memory
retention acting on the first steps of learn-
ing processes or in a later phase of memory
formation. In a recent study, we demon-
strated that focal DNQX injections within
the Nacc immediately or 120 min after
training did not affect performance 24 h
later, in a spatial learning task designed to
estimate the ability of mice to match ob-

jects with their previous position (Roullet et al. 2001). The pre-
sent results confirm previous observations, demonstrating that
AMPA receptors within the Nacc are not involved in spatial
memory consolidation in the water-maze task.

In the cue water maze, both posttraining NMDA and AMPA
receptor blockades did not impair mice performance 24 h later.
Vehicle- as well as drug-injected mice focused their search of the
platform in the quadrant where the visual cue was suspended
(Fig. 7B), thus all three groups were able to use the proximal cue
to find the platform. This indicates that posttraining AP-5 and
DNQX injections did not induce a general attentional, motoric,
or motivational deficit, thus confirming a selective impairment
on spatial memory consolidation induced by NMDA receptor
blockades within this structure, as shown in the first experiment.
These findings are consistent with recent results of Setlow and
McGaugh (1998), who showed that focal sulpiride injections
within the Nacc impair memory consolidation in a spatial water-
maze task, while sparing consolidation of visual information in
the classical nonspatial version. In the cue versions used in the
present study, animals are not allowed to see the platform di-
rectly, but they can approach it using a single proximal cue. It is
assumed that the presence of a salient cue allows the develop-
ment of a guidance strategy based on the association between the
cue and the goal and that it does not require spatial memory per
se (Brandner and Schenk 1998). Therefore, the results of this
experiment indicate that glutamate receptors located within the
Nacc are not involved in consolidating the information neces-
sary to perform a cue-guided response. This is interesting also in
light of the involvement of this structure in learning processes

Figure 5 Experiment 2, effect of posttraining vehicle and DNQX administrations on probe test
performance in the place water-maze task. (A) Time spent in the four quadrants by vehicle, 0.001
µg/side DNQX , 0.005 µg/side DNQX, and 0.010 µg/side DNQX. (B) Representative paths taken by
animals treated with vehicle, 0.001 µg/side DNQX, 0.005 µg/side DNQX, and 0.010 µg/side
DNQX. (*) p < 0.05, correct versus opposite, right, left quadrants within groups.
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based on stimulus–reward association (Robbins and Everitt
1996).

Several authors have previously indicated an important role
of Nacc in learning and memory processes (Annett et al. 1989;
Maldonado-Irizarry and Kelley 1995; Usiello et al. 1998). How-
ever, most of these studies used pretraining pharmacological or
lesion treatments that do not allow distinguishing between the
different phases of learning and memory. On the contrary, very
few studies investigated the involvement of this structure in the
different steps of information processing (Lorenzini et al. 1995;
Setlow and McGaugh 1998, 1999a; Roullet et al. 2001). In the
present work, we performed posttraining pharmacological ma-
nipulations, which are thought to selectively act on memory
consolidation (McGaugh 1966; Gold and McGaugh 1975). In ad-
dition, we used a modified version of the Morris water-maze task,
in which all training sessions are performed during the same day.
Compared to the classical distributed procedure, the utilization
of a massed training procedure has different theoretical and tech-
nical advantages. For example, to study the involvement of a
structure in learning and memory, authors generally performed
multiple drug injections during several days: this can be avoided
with the present procedure. Furthermore, it has been demon-
strated that memory could be reactivated and reconsolidated sev-
eral times in a distributed procedure (Nader et al. 2000; Sara
2000). In this case, it is therefore difficult to dissociate the effects
of a drug on the first memory consolidation from those involved
in the reconsolidation and stabilization of the memory trace
(Roullet and Sara 1998; Przybyslawski et al. 1999). The massed-
training procedure used in this study lasts for less than 80 min
and allows a single drug injection. This excludes possible misun-
derstandings of which phase of memory formation the Nacc is
involved in.

Learning in the spatial water maze has been suggested to
depend on two major circuits, including the hippocampus and
the dorsal striatum (O’Keefe and Nadel 1978; De Bruin et al.
2001), which control different components of maze perfor-
mance: the first circuit acts on spatial information processing
and the second on the procedural component of the task, such as
“swimming away from the walls of the maze” (Bannerman et al.
1995; Setlow and McGaugh 1999a). According to this view, sev-
eral authors demonstrated that lesions or temporary inactivation

of the hippocampus induced a selective im-
pairment on the ability of the animals to
locate the platform using spatial cues (Rie-
del et al. 1999; Lassalle et al. 2000). On the
contrary, pretraining or posttraining ma-
nipulations of dorso–medial and postero–
ventral caudate-putamen affected different
procedural components of the water maze,
increasing, for example, time spent in the
periphery of the pool (Devan et al. 1999;
Setlow and McGaugh 1999b). In the pre-
sent study, pharmacological manipulations
of the Nacc selectively affected spatial
memory consolidation without altering
procedural or motor parameters (swimming
speed, time spent in periphery of the pool).
This seems to indicate that the impairment
induced by NMDA receptors blockade
within the Nacc has more similarities with
the hippocampal deficit. However, the in-
volvement of the Nacc in the two different
strategies (place vs. procedural) has not
been elucidated, and further studies will be
needed to clarify the functional role played
by this structure in allocortical-striatal cir-
cuits.

MATERIALS AND METHODS

Animals
A total of 137 CD1 male mice (IFFA CREDO, Lyon, France) were
used in the present study. Upon arrival, animals were housed in
groups of five in standard breeding cages (21 � 21 � 12 cm)
placed in a rearing room at a constant temperature (22° � 1°C)
under diurnal conditions (light–dark: 08:00–20:00), with food
and water ad libitum. At the time of surgery, they were ∼9–10
weeks old and their weights ranged from 35–40 g. All experi-
ments were run in the afternoon, between 14:00 and 18:00.

Every possible effort was made to minimize animal suffer-
ing, and all procedures were in strict accordance with European
Community regulations on the use of animals in research and
NIH guidelines on animal care.

Surgery
Mice underwent surgery 1 wk after their arrival. They were anes-
thetized with chloral hydrate (400 mg/kg) and placed in a ste-
reotaxic frame (David Kopf Instruments) with a mouse adapter
and lateral bars. After placing the animals on the stereotaxic ap-
paratus, the head skin was cut longitudinally and bilateral guide
cannulae (0.5 mm in diameter) were fixed on the calvarium with
dental acrylic. The following coordinates with lambda and
bregma in the same horizontal plane were used: anterior to
bregma, +1.7 mm; lateral to midline, �1 mm; ventral from the
dura, �2.2 mm, according to Franklin and Paxinos (1997). Mice
were then left in their home cages for a recovery period of 1 wk.

Apparatus
The circular swimming pool (110 cm in diameter and 30 cm in
height) was made of ivory-colored PVC, filled with water
(25° � 1°C) made opaque with Lytron 631, to 15 cm below the
edge of the wall. Four start positions (labeled N, S, E, and W) were
located equidistantly around the edge of the maze, dividing it
into four equal quadrants. During training, a circular goal plat-
form painted white (9 cm diameter) was laid in the center of each
quadrant, 15 cm from the wall. The platform had a rough (metal
grid) surface, providing a sufficient grip for the animals to climb
on top of it. The apparatus was placed in a separate room and
surrounded by white curtains containing several extramaze cues,
according to the procedure used. It was illuminated by a white

Figure 6 Experiment 3, effect of posttraining vehicle, AP-5, and DNQX administrations on the
cue water-maze task. The histogram represents the index � SEM, calculated as the difference
between the number of crossings of the annulus surrounding the expected position of the platform
and the mean number of crossings of the three remaining annuli, divided by the total number of
annulus crossings, during the probe test.
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light (60 W) and surmounted by a videocamera connected to a
videorecorder and a monitor.

Procedure
The general procedure consisted of three different phases: a fa-
miliarization phase, a training phase, and a probe test.

On the first day, mice were individually submitted to a
single familiarization session of three trials, with the platform
located always in the same quadrant and protruding 0.5 cm over
the surface of the water. The session started with the mouse
standing on the platform for 60 sec. At the beginning of each
trial, mice were introduced in the maze facing the wall at one of
the four designated starting points (N, S, E, W), and allowed to
swim freely or until they reached the platform. Mice failing to
find the platform within a fixed period of 60 sec were gently
guided by hand to the platform, and a maximum escape latency
of 60 sec was recorded. After the animals climbed to the platform,
they were allowed to remain on it for an additional 60 sec, and
were subsequently replaced in the maze from a different starting
position. The starting positions were determined in a pseudoran-
dom order, such that each of them was used once in a single
session.

Training started the next day. Mice were submitted to four
consecutive sessions of three trials, with an intersession delay of
15–20 min during which they were returned to their home cages.
The procedure was the same as in the familiarization phase, ex-
cept for the platform, which was submerged 0.5 cm beneath the
surface of the water. Animals were introduced in the maze from
different starting points and allowed to swim freely or until they
reached the platform. Mice failing to find the platform within a
fixed period of 60 sec were gently guided by hand to the plat-
form, and a maximum escape latency of 60 sec was recorded. The
starting positions were determined in a pseudorandom order,

and the sequence of starting locations was
randomized such that each of them was
used three times during the four training
sessions.

Then, 24 h after the last training ses-
sion, the mice were submitted to a single
trial of the probe test. The platform was re-
moved, and mice, starting from the center
of the pool, were allowed a 60-sec search for
the platform.

Two different versions of the water
maze have been used. In the place version,
several extramaze visual cues, ∼50–100 cm
away from the pool, were attached to the
walls surrounding the apparatus. Mice were
required to navigate to the invisible plat-
form using the spatial cues available in the
room. The platform was located always in
the same quadrant during both familiariza-
tion and training phases. In the cue ver-
sion, all the distal visual cues were re-
moved, and a single proximal cue was
present, a black-painted plastic ball (3 cm
diameter) hanging 7 cm above the surface
of the platform. The position of the plat-
form and the ball changed across sessions,
to prevent animals from using spatial bias.
During the probe test, the platform was re-
moved, and the ball was located in the
quadrant opposite to that used in the last
training session.

Selective and reversible NMDA and
AMPA receptor blockades were obtained
through direct infusions into the Nacc of
(�)-AP-5 (AP-5) and DNQX, competitive
antagonists of the NMDA and the AMPA
receptors, respectively. AP-5 was dissolved
in saline solution (0.9% NaCl in distilled
water), and DNQX was dissolved in a solu-
tion of 2% DMSO in distilled water. Mice

were assigned to drug treatment groups and given injections im-
mediately following the last training trial. They were tested for
retention 24 h later. Both AP-5 (0.1 and 0.15 µg/side) and DNQX
(0.001, 0.005, and 0.010 µg/side) were focally injected into the
Nacc in a volume of 0.2 µL. The rationale for using these doses
was based on previous studies and preliminary experiments in
which they were demonstrated to be effective in impairing spa-
tial learning, when focally administered in the Nacc (Sargolini et
al. 1999; Roullet et al. 2001). Drug-treated animals were always
compared with control mice injected with the same volume of
vehicle solution, under the same conditions.

Data Collection and Statistics
Data collection was performed using videorecordings; the ob-
server was always blind to treatment. Several parameters of be-
havioral performance were recorded. During training sessions,
latency to mount onto the platform was recorded in each trial.
During the probe test, two main measures have been scored: (1)
the time spent in each quadrant of the pool; (2) the number of
annulus crossings, that is, the number of times a mouse crossed
an ideal circle (14 cm diameter) located around each of the four
possible platform positions in the four quadrants. We used these
basic measures to calculate an index, as the difference between
the number of crossings of the annulus surrounding the expected
position of the platform and the mean number of crossings of the
three remaining annuli, divided by the total number of annulus
crossings. Additionally, the movements of the animals during
the probe test were recorded using a computerized detection sys-
tem. The position of the animal was determined 5 times per
second and recorded as x and y coordinates in time. Subse-
quently, these data have been used to calculate the average swim-
ming speed and the time spent in the periphery of the pool,

Figure 7 Experiment 3, effect of posttraining vehicle, AP-5, and DNQX administrations on probe
test performance in the place water-maze task. (A) Time spent in the four quadrants by mice
injected with saline, 0.15 µg/side AP-5, and 0.005 µg/side DNQX. (B) Representative paths taken
by animals treated with vehicle, 0.15 µg/side AP-5, and 0.005 µg/side DNQX. (*) p < 0.05, correct
versus opposite, right, left quadrants within groups.
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situated at 10 cm from the wall, according to Setlow and Mc-
Gaugh (1999a).

The SYSTAT 9.0 statistical software package was used for
data analysis. For the training phase, trial latencies were added
for each session (three trials per session), and the session data
were analyzed with a repeated measure ANOVA analysis (be-
tween factor: treatment, 3 or 4 levels; within factor: sessions, 4
levels). The time spent in each of the four quadrants during the
probe test was analyzed using a two-factor ANOVA design (first
factor: treatment, 3 or 4 levels; second factor: quadrants, 4 levels).
Finally a one-factor (treatment: 3 or 4 levels) ANOVA design was
used to analyze possible differences in index, swimming speed,
and time spent in the periphery of the pool, during the probe
test. Post hoc multiple comparisons were carried out when al-
lowed, using Tukey’s Honestly Significant Distance (HSD) test.

Histology
At the completion of the experiment, mice were killed by an
overdose of chloral hydrate, and the brains were removed and
frozen at �20°C. Cannula placements were determined by ex-
amination of serial coronal sections (25 µm) stained with Cresyl
Violet. Only animals showing correct Nacc placements were in-
cluded in the statistical analysis.
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